Expansion of ablation plumes created by intense ultrashort lasers is determined by various complicated physical processes which have very different spatial and time scales. Since complete simulation by one model is practically impossible, we suggest using two models describing initial and final stages that can be matched at an intermediate time. The proposed modeling procedure connects laser parameters to plume properties far away from the ablation spot. Laser material interaction and beginning of the expansion are simulated with a one-dimensional hydrodynamics code and the final stage is modeled using an analytical solution for an expanding three-dimensional ellipsoidal gas cloud.
INTRODUCTION
For a number of experiments involving the interaction of intense ultrashort laser pulses with matter, it is desirable to know directionality, velocity and other parameters of ejecta far from the target. Laser film deposition', laser breakdown diagnostics2 and material processing3 can be viewed as typical applications. A variety of physical processes, for instance laser-material interaction, hydrodynamics, thermal and radiative transport, make analytical description extremely difficult. In this case numerical simulations are the only viable option. However, the large disparity in spatial and temporal scales involved often makes it impractical to simulate both ablation and ejecta expansion to large distances from the target within the framework of one model. For example, a typical calculation would require an adequate description of laser energy deposition which occurs on a time scale of hundreds of femtoseconds and on a spatial scale on the order of tens of nanometers. Plume modeling has to predict behavior of the ejecta at the final stage of expansion that takes place microseconds and centimeters away from the initial moment.
A possible solution to this problem is to employ more than one model, each suitable for a particular stage, and match them at an intermediate time. Plume evolution includes two important parts -the initial stage is one dimensional (laser spot large compared to skin depth) and the final consists of three-dimensional expansion. The difference is not only geometrical, but in the physics playing the major, defining role. The initial one-dimensional stage occurs during laser energy deposition and the initial expansion takes place. The longitudinal size of the hot material is still much smaller than the transverse size determined by the laser spot. Clearly, laser-material interaction, ionization, energy and material transport are the significant effects during this period. After some time, the ejecta cloud becomes truly three-dimensional, but the physics simplifies considerably. At this stage, plume evolution is described by conventional hydrodynamics and is sensitive only to integral parameters of the laser pulse. Modeling of the first stage connects laser and target parameters with ejecta description. The integral features of ejecta determine three-dimensional plume expansion. In this paper, we used the onedimensional radiation-hydrodynamics code HYADES4 with laser package to simulate the initial stage and modeled the full geometry expansion using an idea suggested by Anisimov et.al.5 based on an exact analytical solution for an adiabatically expanding gas ellipsoid. We propose matching criteria and discuss long term plume behavior as a function of laser parameters.
THREE-DIMENSIONAL MODEL
At long times, the ablation plume is described by ordinary hydrodynamics and should be sensitive only to integral properties ofthe laser pulse such as the fluence. Anisimov et.al. 5 suggested an exact hydrodynamic self-similar solution for 3D gas ellipsoid expansion to describe such ejecta. In this model, the plasma remaining after pulse termination is modeled as an ellipsoid with three different axes and expands adiabatically outward. All flow parameters are constant on ellipsoidal surfaces for this solution. The description of the process of expansion includes gas cooling and cloud shape deformation. However, this deformation only changes the ellipticity, the cloud remains an ellipsoid.
In general, the hydrodynamic equations describing gas cloud expansion are difficult to solve, but under certain assumptions, these partial differential equations can be reduced to ordinary differential equations which greatly simplifies our problem. This transition is based on the assumption that we have a self-similar solution, i.e. that every physical parameter distribution preserves its shape during expansion. Then, separation of variables, namely time and Lagrange space coordinates is possible. These types of coordinates are widely used in hydrodynamics because they simplify the equations. Very often Lagrange space coordinates are initial coordinates ofthe particles. Here we follow this choice.
It has been shown6 that for an adiabatically expanding ideal gas ellipsoid all physical parameters are constants on ellipsoidal surfaces evolving in time. In this case, the dynamics of the plume is defined by the ordinary differential equations describing evolution ofthe ellipsoid axes:
where r is dimensionless time, y is the adiabatic constant and A is a function of initial plume size. The dimensionless functions X, Y,Z define the ellipsoidal shape at any particular time. Eq. (1) can be easily solved numerically. Once the functions X, Y, Z are known, all thermodynamical plume parameters can be calculated. Self-similar solutions exist in two different situations ; expansion can be isentropic or isothermal. Isentropic expansion has a well defined plume size and parabolic profiles of physical parameters. Isothermal expansion results in a Gaussian density profile. The choice between these two options should be made in reference to the one-dimensional modeling. However, geometrical properties of the plume, for example directionality, are completely independent of this choice.
Note that Eqs.
(1) can be viewed as equations ofmotion in a repulsive potential
with conservation of "energy"
This is a mathematical representation of the fact that after the initial stage, the plume begins to expand inertially. Thermal energy is transferred into kinetic energy and finally all particles fly away at constant velocity. The direction and particular value of this velocity depend on initial parameters of the plume and y. We will assume that the adiabatic index equals 5/3.
Numerical integration of Eqs.
(1) shows that the plume very quickly reaches the inertial stage. By the time it grows to centimeter size, its shape is already frozen. To characterize the final stage we introduce the ratios k = Y(r)/X(r), k. = Z(t)/X(r). These functions approach limiting values that define the final ellipsoidal shape of the plume as time goes to infinity. Table 1 . Data shows how the final plume ratio kZ(t)/X(t) depends on the shape of the initial ellipticity a ofthe gas cloud. Calculations are for a plume circular in the transverse direction. Ellipticity is the ratio of longitudinal plume size to transverse plume size. The smaller the ellipticity a , the "flatter" initial plume.
This directionality can be expressed in another way. Suppose one tries to deposit from a laser generated plume onto a substrate. In this case, one can ask what is the angular distribution of the deposited material. Typically, the substrate is parallel to the target or (x,y) plane and located at a distance Z which is much greater then characteristic sizes of the plume. After we solve Eqs.
(1), all physical parameters are known and the film profile can be calculated. Film thickness at some point (x,y, Z) is given by
Pd where Pd 5 film density, which we assume is constant and t is the time when the plume reaches the substrate. Eq. (2) can be simplified if the plume reaches the substrate at the final, inertial stage. In this case, 
where H0 does not depend on angle, but is a function of mass, distance to the substrate, film density and plume shape. For example in the isentropic case, H0 = Mk/(2irpdkVZ ). For the isothermal solution, it is practically the same, the only change is in a numerical coefficient.
We see that the ellipsoid model can answer many questions if there is a way to find the initial plume size, mass and energy. These quantities are supplied by the one-dimensional model.
ONE-DIMENSIONAL MODEL
Laser light absorption and initial material expansion include very complex physics, however there is one significant simplification. Since the laser spot is on the order of hundreds of microns, the initial evolution can be described as one-dimensional for times up to hundreds of picoseconds. For simulation of this stage we used the one-dimensional three-fluid ( electrons, ions, radiation ) lagrangian hydrocode HYADES4 with laser package. It includes ionization, energy and material transport, and equation of state.
We would like to emphasize the importance of the laser package. Only if energy deposition is calculated self-consistently, can one hope that all proper scalings are obtained. By self-consistency we mean taking into account both hydrodynamics and ionization. Even for ultrashort laser pulses, both of these can be important effects. We have implemented a simple laser package to properly describe wave effects for this purpose.
A medium with complex dielectric coefficient, varying only in the z direction, can be treated as a stack of layers7, each layer having a constant complex permetivity. A plane wave is incident on this medium with arbitrary angle of incidence and polarization. Satisfaction of the boundary conditions at each interface leads to a linear relationship between the fields in one layer to the next. That is, they are connected by a 2x2 matrix. The overall properties (transmission and reflection) of the medium are found by multiplying all these matrices together. The fields penetrating the medium and the resultant energy deposition (Joule heating) can then be simply found. The advantage to this approach is its arithmetical simplicity -it is ideally suited for numerical computation since it involves many simple operations. Effects of angle of incidence and polarization are automatically included. Ability to do this kind of simulation becomes even more important if there is need to take strong prepulses into account. Z[.tmJ In a typical HYADES calculation energy absorbed from the laser pulse immediately heats and ionizes material that begins to show some expansion even before the termination of the pulse. Significant deposited power launches a high pressure shock wave into the material; at the same time ablation products expand into the vacuum. If such a calculation is continued for many picoseconds, typical physical parameters will look like those presented in the Fig.(1) . The figure shows profiles of density, velocity and temperature after ins. From Fig.(la) , one sees that the velocity is a linear function of distance Z. This is an essential feature of self-similar solutions. Other parameters do not have the exact shape given by the analytical ellipsoid solution, however the general behavior is similar to that ofthe isothermal expansion.
MATCHING AND RESULTS
Before one can proceed to modeling, matching criteria have to be defined. Although there is no absolute match in the shape of physical parameters, very often self-similar solutions describe correct asymptotic behavior, even if the initial conditions are not exactly the same. This type of solution and, in particular, the expanding gas ellipsoid solution is governed by integral parameters. If there is a way to identify them from the one-dimensional modeling, matching is possible. That means we have to find the plume mass, energy and initial shape. There is a total of five unknown quantities. The obvious choice for transverse dimensions A naïve definition of the plume is the mass of material that comes off the target. Clearly mass removal can continue for a long time. We need to devise a method that determines the answer from one-dimensional calculations. Our suggestion is to use a "long time" zero velocity point. Many different runs showed that after a couple of hundred picoseconds the zero velocity point approaches a constant value. Once we decide where the boundary of the plume is, calculation of plume energy and mass is easy. The depth of removed material can be used as the initial thickness. In Fig.(2) we show evolution of the plume energy for a typical run calculated employing this method. The picture demonstrates that indeed there is fast plume formation with a well determined energy. After the plume is created, the effect of initial expansion is evident.
The proposed modeling procedure gives long term plume behavior as a function of laser parameters such as fluence, pulse length, wavelength, etc. . However, the amount of absorbed energy is of utmost significance.
Laser energy is deposited in a layer much smaller then the ablated depth; therefore, specifics of the absorption are not very important. For clarity, we present simulations in which only the laser pulse energy was varied. Influence on absorption of other parameters is discussed elsewhere8. Fig.(3) shows several important parameters as a function of fluence: absorbed and plume energy as fraction of incident energy and initial plume thickness. Calculations are for aluminum, which is a highly reflective material. When the pulse energy is high enough to generate a plasma, absorption goes up, reaches a maximum and then decreases because of the plasma mirror effect (at high fluences laser-generated plasma is heated to significant temperatures and the electron collision frequency decreases, thus reducing absorption). Energy in the plume follows the absorption curve pretty closely. This is a demonstration of an important feature of ultrashort laser-material interaction -a large fraction of the pulse energy goes into ablation and its products and only a small part is left in the bulk of the material. The initial plume thickness grows with fluence, but stays below one micron. From Table 1 we can see that even for a hundred micron laser spot size, plume ejecta will be very directional. Larger spots will only emphasize this effect. Using Table 1 and Eq.(3) we calculated plume directionality as a function of fluence. For simplicity, a circular laser spot is assumed. In this case Eq.(3) simplifies to h(O) = H0(1 + k2 tan2 o). (4) For convenience index z is omitted. The plume angular halfwidth is given by Of2 2arctan(O.561k). Interpolation of numerical results presented in Table 1 gives kas a function ofellipticity a which is the ratio of initial plume thickness to laser spot size. The data can be fitted surprisingly well by a a2 function. Since this parameter is small, the formula can be simplified by expanding the inverse tangent. As a result, 2 " • Fig.(4) shows calculation of the plume angular width for two sizes of laser spot and the same one-dimensional calculations as in Fig.(3) . Angular size is small and doesn't change significantly with fluence. It is interesting to note that film thickness H0 Mk2 is also a weak function of fluencehigher fluence means more material is ablated but the plume is less directional, lower fluence gives better directionality but a lower amount ofablated material.
CONCLUSION
Two types of models were used to connect ultrashort laser pulse parameters and ablation plume properties far away from the target laser spot. Laser energy deposition and initial expansion were modeled using a one-dimensional hydrocode with laser package. The final stage of plume expansion was treated as an adiabatically expanding gas ellipsoid for which there is an analytical solution. Model matching is implemented through calculation of integral plume parameters such as ablated mass and energy. This modeling procedure predicts scaling of ejecta properties as a function of laser parameters.
